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ABSTRACT

Atmospheric plasma spraying of hydroxyapatite was carried out to investigate the
influence of the plasma spraying parameterson the formation of the amorphous phase.
Theamorphousphasewasinvestigatedwith X-ray diffractionand optical microscopy. The
results infer that dehydroxylation of the molten particleand a high cooling rate produce
a larger amount of the amorphous phase. Crystalline regions of the coating consist of
partially molten particlesand elongated recrystallized areas. The amorphous phase is
commonly found at the substrate interface. It is shown that the amorphousregions vary
throughout the coating which clinically could affect the process of bone deposition and
successful implant fixation.

INTRODUCTION

Atmospheric plasmaspraying is used for applying hydroxyapatiteto dental implants
and orthopedicprostheses. The feedstock in the form of a powder isfed to the plasmaand
accelerated to about 150 m/s before impacting the substrate [1]. These high impact
velocities flatten the molten particles and cause rapid heat flow to the substrate. This
resultsin avery fast cooling rate (> 10° °K/sec) whichis sufficient to form an amorphous
phase.

Crystallinity has been interpreted in different ways in the biomedical community. It
was initially used asan indication of the crystal size or perfectionof the crystal latticein
hydroxyapatitecrystals[2]. Thermally sprayed materialstypically haveasmall grainsize
and a high defect concentration dueto thefast cooling rate, in addition to aresidual stress.
These variables give rise to a broadening of the X-ray diffraction peak, making it
comparable to the spectraof the inorganic phase in bone, Fig. 1. A high crystallinity
hydroxyapatite materid is included as a reference.

The performance of a thermally sprayed hydroxyapatite coating depends upon the
chemical phases and their distribution within the microstructure. A fine grain size has
been shown to give a higher dissolution [3] and the residua stress further modifiesthe
properties. The influence of these factorswith respect to the clinical functionality of the
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implant hasyet to be determined. The amorphousphase has been shown to dissolvemore
quickly than the crystalline phase [4,5), and could lead to coating degradation [6].

The purposeof thispaper isto focuson the amorphousphaserepresented by the broad
diffuse peak in the x-ray diffraction patternof Fig. 1. The formation of such amorphous
phases and their location within the coating is important knowledge with regard to
designing a coating with the desired properties, such as a functionally graded coating.

MATERIALS AND METHODS

A Metco 3MB plasma spray torch, with a GH nozzle was used to prepare
hydroxyapatite coatings. Powder with aCa/P ratioof 1.67, and a particlesize distribution
of 5t040 um was sprayed under different conditions. Initially, the powder was sprayed
at different power levels to ascertain the changes taking place in the material upon
enteringthe plasma. When thiswas determined, variousplasmaspraying parameterswere
alteredto investigatethe effect on amorphicity. The parametersthat were changedinclude
stand-off distance(5 to 20 cm), particlesizedistribution (the small particle sized powder
was mixed with a larger particlesize powder with a mean of 80 pm), substrateangle (0
to 60 degrees),gasflow rate(35to 55 dpm), air cooling of the coating and hydroxylation
state of the starting powder. A powder with a lower hydroxyl content was produced by
heating at 1200°C for one hour followed by sieving. A substrate angle of 90" represents
a substrate with the face positioned perpendicular to the stream of molten droplets.

Thecal ciumand phosphorousconcentrationsweredeterminedwith X -ray fluorescence
using a hydroxyapatite powder as a reference. Coating crystallinity was ascertainedwith
acalibrationcurve produced by measuringthe crystallinepeaksand the broad amorphous
peak of standard mixtures.

Coatingswere sectioned on a diamond cut-off wheel, mounted in epoxy resin, ground
and polished using 0.05 ym aluminaasthe last step. The crystallineregionswere viewed
in the optical microscope using the Nomarski interference method to increasethe depth
of field and contrast of the features.

Two coatingswith 98 wt.% amorphous phasewere heated to 660 °C for 5 minutesin
either dry or moist helium gas. The crystallinity wasthen measured using x-ray diffraction
to ascertainthe influence of the water content on the crystallization.

RESULTS AND DISCUSSION

The coatingsproduced at variouspower levelsshowed that decompositiontakesplace
at higher temperatures. At lower power level strical cium phosphate(TCP) will appear but
more severeheating will also producetetracal cium phosphate(TTCP) and cal cium oxide.
The former two phases are the equilibrium phasesat high temperatureand low partial
water pressure. The Ca/P molar ratio al soincreases, signifying preferentia removal of the
phosphate group from the hydroxyapatite structure in more intense heating conditions,
Table 1. Thiscalciumrichmolten particlesolidifiesto form calcium oxidea ong with the
two calcium phosphate phases predicted by the equilibrium phase diagram.

As the spray angle deviatesfrom perpendicularto the spray stream by more than 30°,
an increase in the amorphous nature of the coating is noted, Fig. 2. Less unmolten
particles participatein the buildup of the coating as they ricochet from the surface, but
more importantly, the lamellaethickness decreases, as evidenced from studies on other
materials [7]. This leads to a higher cooling rate and is associated with an increasein
amorphousnessof the coating. Heat flow through the substrate material will be higher than
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Table 1. Influenceof power level on the decompositionof hydroxyapatite.

Level (kW)
Ca/P molar 1.67 1.69 1.75 2.03 “

Power 18 25 30 35 ||

ratio

Phases HAp, TCP HAp, TCP HAp, TTCP, CaO JJ

to the surrounding air, however convectional cooling of the coating offers a secondary
meansto increasethe cooling rate.

The compositionof the hydroxyapatiteal soinfluencestheformationof theamorphous
phase. Use of adightly dehydroxylatedpowder increasesthe amorphicity of the coating.
A hydroxyl deficient molten particlewill morelikely form an amorphousphase compared
toadroplet with ahigh hydroxylationlevel. The hydroxyl ion concentrationof the molten
particle before impact can be controlled by increasingthe amount of heat transferredto
the particles. For example, using a smaller particle size or a larger spraying distance
facilitatesthis compositional change with a larger heat transfer to the particles. Also, a
lower gas flow rate gives rise to dower particle velocities and a higher heat transfer.
However, only part of the dehydroxylated droplet forms the amorphous phase, the
remaining portion forming oxyapatite. This effect is most easily observed as the left
shoulder on the 004 reflection in the X-ray diffraction pattern, inset of Fig. 3.

The penetrationof X-raysis dependent upon the energy of the beam. X-rayswill not
penetrate through the entire thickness of the coating. Observationof the microstructure
is important in determining the propertiesof the material and can be used to identify the
size, shapeand locationof the crystallineregionswithin the coating. Figure 4 showsthe
microstructureof a 50 wt.% and 100 wt.% crystalline coating, as determined by X-ray
diffraction. A noteworthy feature is the amorphous phase (darker grey in color) which
very often forms at the titanium substrate. This is important in the performanceof the
coating. Other phases such as tricalcium phosphate are present in small quantities,
however this cannot be distinguished from the hydroxyapatite.

The crysaline phase consists of unmolten or partialy molten particles and
recrystallized particles. The former is representedby the angular particles. The elongated
crystaline particles(arrow on Fig. 4 and Fig. 6) are recrystallizedregions, which can be
explainedby another short experiment. The heat treatment of the amorphousphase shows
complete crystalization in a wet atmosphere but partia crystalization in a dry
amosphere, Fig. 5. Thus the molten droplet will consist of a hydroxyl rich core
surroundedby hydroxyl deficient regionsasit spreadsout to formthelamellae. Thesetwo
regions are inseparableand are both identified as the amorphous phase. The heat in the
coating is dissipated dowly due to the low thermal diffisivity (~ 5 x 10" cm?/s) and is
elevated by additional heat given off in the structural relaxationof the amorphousphase.
When the temperature is sufficiently high, recrystalizationwill first take place in the
hydroxy! rich areas; hencethe presence of elongated crystallineregions.

As consecutivelayersare deposited, the heat in the coating may build up slowly and
lead to crystalization in different places within the coating. The coating is more
crystaline at the surface compared to the area adjacent to the substrate, Fig. 6, and
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Figure 1. An X-ray diffraction pattern
illustratesa) high crystallinity
hydroxyapatite, b) inorganic boneand ¢) an
amorphous phase found in hydroxyapatite
coatings.
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Figure2. Influenceof spray parameterson the amorphicity of the coating. (Abscissais
variableaccordingto valuesor level of parameter).
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becomeslessnoticeabl ewith longer stand-off distances. The number of crystallineregions
identified as recrystallizedhydroxyapatite increaseswith thickness.

CONCLUSIONS

Plasmaspray processingof hydroxyapatiteisvery sensitiveto the spraying parameters.
It has been shown that the crystallinephase consists of unmolten and recrystallizedareas
within the coating. The amorphousphaseformsasa result of dehydroxlationtaking place
in the particle during spraying and the fast cooling rate at the substrate. Optical
microscopy is suitable for discerning crystalline regions within the coating. The
distribution of the crystalline phase is modified by a rise in temperature and form
crystallinity-graded regions within the coating.
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